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,QWKHODVW\HDUVWKH5RPDQLDQPDMRUFLWLHVDUHFKDUDFWHUL]HGE\FRQWLQXRXVFRQFHUQRIXUEDQSRSXODWLRQRQ
DFFHVVLELOLW\ HQKDQFHPHQW ZKLFK ILQDOO\ KDV OHG WR FRQJHVWLRQ LQFUHDVHG WUDYHO WLPH DQG KLJK UDWH RI WUDIILF
DFFLGHQWV&RQVHTXHQWO\DFWLRQVQHHGWREHWDNHQWRLPSURYHRIWKHXUEDQURDGVDIHW\7KHUHIRUHZHKDYHVWDUWHGD
VWXG\ RQ WUDIILF ULVN DVVHVVPHQW IRU %XFKDUHVW D ODUJH FLW\ ZKHUH DURXQG  RI SRSXODWLRQ RI 5RPDQLD LV
FRQFHQWUDWHG7KHPDLQJRDORIRXUVWXG\LVWRSURYLGHDQDO\VLVWRROVWRORFDOGHFLVLRQPDNHUVIRUH[DQWHDVVHVVPHQW
RIWKHGLIIHUHQWXUEDQSODQQLQJDOWHUQDWLYHFRQVHTXHQFHVLQWHUPVRIWUDIILFIORZLQFUHDVLQJDQGDVVRFLDWHGDFFLGHQW
ULVN ,Q RXU UHVHDUFK ZH GHILQH WKH ULVN DVVRFLDWHG WR URDG WUDIILF DV WKH SUREDELOLW\ RI DFFLGHQWV RFFXUULQJ ZLWK
FRQVHTXHQFHVRQXVHUVRIWUDIILFLQIUDVWUXFWXUHDQGDOVRRQFRPPXQLW\RIWKHVXUURXQGLQJDUHD
5HVHDUFKPHWKRGRORJ\
,Q WKH ILUVW VWHS RI RXU VWXG\ ZH XVHG *HRJUDSKLF ,QIRUPDWLRQ 6\VWHP *,6 IDFLOLWLHV WR GHYHORS D FRPSOH[
SURMHFWIRU
x 0RGHOOLQJWKHXUEDQDUHD
x 0RGHOOLQJWKHURDGQHWZRUNDQG
x $QDO\VLQJWKHDYDLODEOHUHFRUGHGGDWDRQURDGDFFLGHQWVLQ%XFKDUHVWLQSHULRGRI)LJ
7KHGHYHORSHGJHRGDWDEDVHDOORZHGXVWRSURFHVVDQGWRREWDLQGDWDVHWVRIFKDUDFWHULVWLFVRIWKHURDGVHFWLRQV
DQGLQWHUVHFWLRQVZLWKORZVDIHW\SHUIRUPDQFHV
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)LJ/RFDWLRQRIURDGDFFLGHQWVLQ%XFKDUHVW&LW\UHFRUGHGLQDLQWHUVHFWLRQEURDGVHFWLRQ
)XUWKHUWKHUHVXOWHGGDWDVHWVDUHXVHGWRGHILQHDQGWRFDOLEUDWHDFFLGHQWSUHGLFWLRQIXQFWLRQV>@:HPDQDJHGWR
GHILQH DFFLGHQW SUHGLFWLRQ IXQFWLRQV IRU VRPH FDWHJRULHV RI URDG VHFWLRQ ZLWK ORZ VDIHW\ SHUIRUPDQFHV >@ EXW
GLIILFXOWLHVKDYHEHHQHQFRXQWHUHGIRULQWHUVHFWLRQV6WDWLVWLFDOGDWDRQURDGDFFLGHQWVORFDWHGLQLQWHUVHFWLRQV)LJ
UHYHDOVWKDW
x DUHYHKLFOH±SHGHVWULDQDFFLGHQWV
x RIYHKLFOHYHKLFOHDFFLGHQWVDUHORFDWHGLQLQWHUVHFWLRQVZLWKFRPSOH[FRQILJXUDWLRQ
x RIYHKLFOHYHKLFOHDFFLGHQWVDUHORFDWHGLQLQWHUVHFWLRQVZLWKWUDPIDFLOLWLHV
6HYHUDOVWXGLHVSUHVHQWDFFLGHQWSUHGLFWLRQIXQFWLRQV>@EXW WKHHTXDWLRQVGHILQHGIRU LQWHUVHFWLRQVDUHQRW
DSSURSULDWH LQ WKHPRVWFDVHV LQ%XFKDUHVWEHFDXVH WKH\ WDNH LQWRDFFRXQWRQO\ VLPSOH LQWHUVHFWLRQFRQILJXUDWLRQV
DQGURDGWUDIILF7KHUHIRUHZHKDYHGHFLGHGWRDVVHVVWKHWUDIILFULVNIRULQWHUVHFWLRQVRQPLFURVFRSLFOHYHOEDVHGRQ
WUDIILF FRQIOLFWVZKLFK DOORZXV WR WDNH LQWR FRQVLGHUDWLRQ DOVRSHGHVWULDQ IORZ$ WUDIILF FRQIOLFW LV GHILQHG DV D
WUDIILFHYHQWLQYROYLQJWZRRUPRUHURDGXVHUVZKHUHHYDVLYHPDQHXYHUVDUHWDNHQWRDYRLGDFROOLVLRQ>@
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,WZDVGHPRQVWUDWHGWKDWWUDIILFFRQIOLFWFRXOGEHXVHGDVVXUURJDWHVDIHW\PHDVXUHV>@,QLWLDOWKHWUDIILF
FRQIOLFW WHFKQLTXH ZDV DSSOLHG EDVHG RQ REVHUYDWLRQV DQG FRXQWLQJ RI FRQIOLFWV LQ LQWHUVHFWLRQV >@ ,Q WKH ODVW
\HDUVWUDIILFVLPXODWLRQPRGHOVDUHXVHGWRFRPSXWHWUDIILFFRQIOLFWVIRUGLIIHUHQWGHVLJQDOWHUQDWLYHDQGWRHVWLPDWH
VDIHW\>@
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)LJ$FFLGHQWVUHFRUGHGLQLQWHUVHFWLRQVLQ%XFKDUHVWLQDYHKLFOH±SHGHVWULDQDFFLGHQWVEYHKLFOH±YHKLFOHDFFLGHQWV
+HQFHLQRUGHUWRREWDLQDWRROWRHVWLPDWHWUDIILFULVNLQLQWHUVHFWLRQLQRXUVWXG\RQ%XFKDUHVWDUHDZHGHFLGHG
WRGHYHORSDVLPXODWLRQPRGHOWRFRPSXWHWUDIILFFRQIOLFWLQGH[GHILQHGE\
^ `¦  &;L LNLM& TT,   
ZKHUH LMT  LNT DUHDYHUDJHWUDIILFIORZV3&(KRQPRYHPHQWL±MDQGL±NUHVSHFWLYHO\WUDIILFIORZVWKDWLQWHUDFW
LQFRQIOLFWSRLQWL^ `&; ±WKHVHWRIFRQIOLFWSRLQWV
,Q WKLV VWDJH RI RXU UHVHDUFK ZH SURSRVH WR XVH LQGLFHV IRU YHKLFOHYHKLFOH FRQIOLFWV DQG YHKLFOHSHGHVWULDQ
FRQIOLFWVDVPHDVXUHVRIWUDIILFULVN'DWDRQSHGHVWULDQIORZVDUHQRWDYDLODEOHIRUDOOVHOHFWHGLQWHUVHFWLRQVZLWKORZ
VDIHW\SHUIRUPDQFHVFRQVHTXHQWO\ZHFRPSXWHWKHWUDIILFFRQIOLFWLQGLFHVRQSHFXOLDUFRPSOH[LQWHUVHFWLRQVZKHUH
GHWDLOHG YHKLFOH DQG SHGHVWULDQ IORZ PHDVXUHPHQWV DUH PDGH 7KH REWDLQHG GDWD DUH XVHG LQ GHYHORSPHQW DQG
FDOLEUDWLRQRI WKH WUDIILF VLPXODWLRQPRGHO)RU WKHFDVH VWXG\SUHVHQWHG LQ WKLVSDSHUZHVHOHFWHG WKH LQWHUVHFWLRQ
6SO ,QGHSHQGHQWHL±6RV*UR]DYHVWLZLWK LQFRUSRUDWHG WUDP IDFLOLWLHVDQGFURVVHGE\ VLJQLILFDQWSHGHVWULDQ IORZ
JHQHUDWHGDQGDWWUDFWHGE\WKH8QLYHUVLW\&DPSXVDQGWKHODUJHFRPPHUFLDOFHQWUHORFDWHGLQWKHQHLJKERXUKRRG
VHYHUHURDGDFFLGHQWVDUHUHFRUGHGLQWKLVLQWHUVHFWLRQLQ±  
6LPXODWLRQPRGHO
,QRUGHU WREXLOG WKHPLFURVLPXODWLRQPRGHOXVLQJ$,0681$GYDQFHG ,QWHUDFWLYH0LFURVFRSLF6LPXODWRU IRU
8UEDQDQG1RQ8UEDQ1HWZRUNVWKHIROORZLQJLQSXWGDWDDUHUHTXLUHG>@
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x 1HWZRUNOD\RXWLQWKHVWXGLHGDUHD)LJ±LVXVHGDVUHIHUHQFHIRUJHRPHWU\FRQILJXUDWLRQDQGQHWZRUNFRGLQJ
GHWDLOVRIWKHQXPEHURIODQHVSRVVLEOHWXUQLQJPRYHPHQWVLQLQWHUVHFWLRQVDEFGIJNVSHHGOLPLWVIRUDOO
VHFWLRQVRQHZD\OLQNV


)LJ1HWZRUNOD\RXWZLWKGHWDLOVRIFXUUHQWVLWXDWLRQFVDQGSURSRVHGVLWXDWLRQSV
x 7UDIILFGHPDQGGDWDSURYLGHGE\DQ2'PDWUL[±LQFOXGHVWKHQXPEHURIWULSVJRLQJIURPHYHU\RULJLQ1LQ:LQ
6LQ (LQ WR DQ\ GHVWLQDWLRQ 1287 :287 O :287 U 6287 6287 6287 (287 7KH WUDIILF YROXPH FRXQWV ZHUH
FRQGXFWHGIRUWZRKRXUVLQSHDNSHULRGRQWZRGD\V7KHUHVXOWVDUHVXPPDUL]HGLQ7DEOH7KHWUDPIORZVDUH
VLPXODWHGDFFRUGLQJO\WRWKHVFKHGXOHVXSSOLHGE\WKHXUEDQWUDQVLWRSHUDWRU
7DEOH2ULJLQ'HVWLQDWLRQPDWUL[IURPWUDIILFFRXQWV3&(K
 (287 6287 :287O 1287 6287 6287 :287U 7RWDO
6,1        
1,1        
(,1        
:,1        
7RWDO        

x 7UDIILF FRQWURO VFKHPH ± GHVFULEHV WKH ORFDWLRQ RI VLJQDOV WKH VLJQDO JURXSV 6 6 6 LQWR ZKLFK WXUQLQJ
PRYHPHQWVDUHJURXSHG)LJWKHVHTXHQFHRIWKHSKDVHVDQGIRUHDFKRQHWKHVLJQDOJURXSVWKDWKDYHULJKWRI
ZD\ DQG GXUDWLRQ RI HDFK SKDVH )LJ  $V VKRZQ LQ )LJXUH  LQ ILUVW SKDVH WKH YHKLFOHV PRYHPHQW DUH
SURWHFWHGRQ1RUWK6RXWKGLUHFWLRQDQGSHUPLWWHGIRUVWUDLJKWDQGOHIWWXUQLQJLQQRGHDDQGF7KHFRQIOLFWSRLQWV
DULVLQJEHWZHHQSURWHFWHGDQGSHUPLWWHGWUDIILFIORZVDUHGHQRWHGE\Q[ZKHUHQ LV WKHQRGHDFDQG[ LV WKH
W\SHRIWKHFRQIOLFWPPHUJLQJRUFFURVVLQJ)RUH[DPSOHDFLVWKHFRQIOLFWSRLQWEHWZHHQWUDIILFIORZVRQ
1RUWK6RXWK GLUHFWLRQ D16 DQG WUDIILF IORZV RQ (DVW:HVW GLUHFWLRQ D(: DP LV WKH FRQIOLFW SRLQW EHWZHHQ
WUDIILFIORZVRQ1RUWK6RXWKGLUHFWLRQD16DQGWUDIILFIORZVRQ(DVW6RXWKGLUHFWLRQD(67KHVHFRQGDQGILIWK
SKDVHV DUH LGHQWLFDO DOORZLQJ IRU H[LVWLQJ YHKLFOHV EHWZHHQ QRGHV D DQGE WR UHOHDVH WKLV VHFWLRQ IRU WKH OHIW
WXUQLQJYHKLFOHV IURP(DVW:HVWGLUHFWLRQRQWKLUGSKDVH,QIRXUWKSKDVHDOOYHKLFOHDQGSHGHVWULDQVLJQDOVDUH
UHGDQGWUDPVPD\EHLQFRQIOLFWWWZLWKYHKLFOHVIURPVHFWLRQEHWZHHQQRGHVEDQGD

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)LJ7KHFXUUHQWSKDVLQJDQGWKHVLJQDOJURXSVZLWKULJKWRIZD\RQHDFKSKDVH
x 0RGHOOLQJ SDUDPHWHUV VXFK DV 3&( YHKLFOH DWWULEXWHV P OHQJWK PZLGWKPD[LPXP GHVLUHG VSHHG 
NPKJOREDOQHWZRUNSDUDPHWHUVZDUPXSSHULRGLVRQHKRXUFRQVLGHUHGDGHTXDWHO\WROLPLWWKHHIIHFWVRILQLWLDO
VWDWHDQGWRDFKLHYHVWHDG\VWDWH>@
,QWKHFXUUHQWQHWZRUNOD\RXWFV±FXUUHQWVLWXDWLRQULJKWWXUQLQJPDQRHXYUHLQQRGHEIURPQRGHDLVIRUELGGHQ
)LJFVGHWDLODQGDGHWRXUWRQRGHVJKNLVQHHGHGWRUHDFKWKHGHVWLQDWLRQ:287U,QWKHSURSRVHGVLWXDWLRQ
SVZHFRQVLGHUWKDWULJKWWXUQLQJPDQHXYHUWREHDOORZHGLQQRGHEIURPQRGHDDQGDOVRHOLPLQDWLRQRISHGHVWULDQ
FURVVLQJ RQ VHFWLRQ EN )LJ  ± SV GHWDLOV 7KH SUHVHQW GHWRXU LQ WKH FXUUHQW VLWXDWLRQ KDV VRPH GUDZEDFNV
FRPSDUHGZLWKSURSRVHGULJKWWXUQLQJGLUHFWO\LQQRGHEVXFKDV
x ODUJHUGLVWDQFHWUDYHOWKURXJKEJKNYVGLUHFWO\ENPYVPDQGWKXVJUHDWHUWLPHWUDYHOSROOXWLRQ
HWF
x PRUHFRQIOLFWVEHWZHHQYHKLFOHVDQGSHGHVWULDQVLQQRGHJ
x ODUJHUWUDIILFGHOD\LPSRVHGWRYHKLFOHVWUDYHOOLQJIURP:LQWRQRGHEZKLFKPXVWZDLWDWWUDIILFOLJKWLQQRGHNWR
SDVVYHKLFOHVIURPGHWRXUEJKN


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

)LJ7KHVHTXHQFHRIWKHSKDVHVDQGGXUDWLRQRIHDFKSKDVHF\FOHWLPHRIV
:H FRPSDUH WKH WZR VLWXDWLRQV FXUUHQW DQG SURSRVHG IRU WKH V\VWHPDWL]DWLRQ RI YHKLFOH DQG SHGHVWULDQV
PRYHPHQWWKURXJKPLFURVLPXODWLRQLQ$,06817KHVWDWLVWLFVSURYLGHGDWWKHVWUHDPOHYHODUHWKHIROORZLQJ
x $YHUDJH)ORZDYHUDJHQXPEHURIYHKLFOHVSHUKRXUZKLFKWUDYHUVHWKHVWUHDPGXULQJWKHVLPXODWLRQSHULRG
x 7UDYHO7LPHDYHUDJHWLPHSHUYHKLFOHQHHGHGWRWUDYHUVHWKHVWUHDP
x 'HOD\7LPHDYHUDJHGHOD\WLPHSHUYHKLFOHWKHGLIIHUHQFHEHWZHHQWKHH[SHFWHGWUDYHOWLPHWLPHLWZRXOGWDNH
WRWUDYHUVHWKHVWUHDPXQGHULGHDOFRQGLWLRQVDQGWKHH[SHULHQFHGWUDYHOWLPH
7KH PLFURVLPXODWLRQ PRGHO ZDV DSSOLHG IRU WKH FXUUHQW VLWXDWLRQ DQG WKHQ IRU WKH SURSRVHG V\VWHPDWL]DWLRQ
VFKHPH7DEOH
7DEOH6LPXODWLRQUHVXOWVLQFXUUHQWDQGSURSRVHGVLWXDWLRQV
 6WUHDP
 EJKN:RXW EN:RXW
$YHUDJHIORZYHKK  
7UDYHOWLPHV  
'HOD\WLPHV  

7KHYDOXHVRI LQWHUVHFWLRQFRQIOLFWSRLQWV LQGLFHVEHVLGHVDYDLODEOHGDWDRQDYHUDJHGDLO\ URDG WUDIILFDQG WUDP
IORZVHVWLPDWHGRQSXEOLF WUDQVSRUWVFKHGXOHVDUHVKRZQLQ7DEOH7KHGLIIHUHQFHEHWZHHQ LQWHUVHFWLRQFRQIOLFW
SRLQWLQGLFHVLQWKHFXUUHQWFVDQGSURSRVHGVLWXDWLRQSVDUHVKDGHGLQJUH\LQ7DEOH
)RUWKHSURSRVHGVLWXDWLRQQRFKDQJHVDUHREWDLQHGIRUYHKLFOH±YHKLFOHFRQIOLFWLQGLFHVEXWVLJQLILFDQWGHFUHDVH
RIYHKLFOH±SHGHVWULDQLQGH[LVREWDLQHGDERXW&RQVHTXHQWO\WUDIILFFRQIOLFWLQGH[FRXOGEHXVHGWRDVVHVV
GLIIHUHQWFRQILJXUDWLRQVDQG V\VWHPDWL]DWLRQ VFKHPHVRI LQWHUVHFWLRQVEXW IXUWKHU UHVHDUFKDUHQHHGHG WRHVWDEOLVK
DQGWRFDOLEUDWHWKHUHODWLRQVKLSVEHWZHHQWKHFRQIOLFWLQGH[DQGDFFLGHQWVQXPEHU
&RQFOXVLRQ
*HQHUDOO\ WKHPRVW XUEDQ WUDQVSRUW DQG WUDIILF VWXGLHV IRFXV RQ WUDYHO WLPH FRQJHVWLRQ GHOD\V HQYLURQPHQWDO
LPSDFWZLWKRXW WDNLQJ LQWR DFFRXQW WKH WUDIILF ULVN HVWLPDWLRQ$OWKRXJK WUDIILF VDIHW\ LV FRQVLGHUHG DQ LPSRUWDQW
VRFLDODQGHQYLURQPHQWDOLVVXHWKHWUDIILFVDIHW\SHUIRUPDQFHVTXDQWLILFDWLRQDUHPDGHDIWHUGHVLJQLQJFRQVWUXFWLRQ
DQGXVLQJRI WUDQVSRUW LQIUDVWUXFWXUH%ODFNVSRWVDUH LGHQWLILHGRQO\DIWHU WUDIILFDQGDFFLGHQWVGDWDJDWKHULQJDQG
DQDO\VLV$IWHUWKDWFRUUHFWLQJPHDVXUHVDUHDSSOLHG7KHDLPRIRXUUHVHDUFKLVWRGHYHORSWRROVZKLFKDOORZXUEDQ
WUDIILFULVNHVWLPDWLRQDQGIXUWKHUDVVHVVPHQWRISURSRVHGPHDVXUHVWRWUDIILFULVNUHGXFLQJ

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7DEOH&RQIOLFWLQGLFHVLQFXUUHQWDQGSURSRVHGVLWXDWLRQV
7\SHRI
FRQIOLFW
 &RQIOLFW
SRLQW
6WUHDPM 7UDIILF)ORZ
TM3&(K
6WUHDPN 7UDIILF)ORZ
TN3&(K
TMTN &RQIOLFW
LQGH[
ȈTMTN
9HKLFOH
9HKLFOH
FVSV 3KDVH,
DF D16  D(:  

DP D16  D(6  
DP D1:  D(:  
FF F61  F:(  
FP F61  F:1  
FP F6(  F:(  
DF D16  D(:  
FVSV 3KDVH,,
DP D1:  D(:   
FVSV 3KDVH,,, 
DP D1:  D(:   
FVSV 3KDVH,9
DFWUDP W16  W(:  


EFWUDP W16  W:(  
FFWUDP W61  W:(  
GFWUDP W61  W(:  
FVSV 3KDVH9
DP D1D:  D(D:   
9HKLFOH
3HGHVWULDQ
FVSV 3KDVH,
3D D1:  DS16  
3D D(:  DS16  
3F F:(  FS16  
 3KDVH,,,
FV 3E E:6  ES(:   
SV 3E E:6  ES(:   
 DOOSKDVHV
FV 3J J1:  JS16   
SV 3J J1:  JS16   

7KH DYDLODEOH PRGHOV WR WUDIILF ULVN HVWLPDWLRQ DUH UHFRJQL]HG EHLQJ GHILFLHQWO\ (VSHFLDOO\ IRU XUEDQ
LQWHUVHFWLRQV WKH PRGHOV DUH GHYHORSHG IRU VLPSOH FRQILJXUDWLRQ DQG WDNH LQWR DFFRXQW RQO\ URDG WUDIILF IORZV
%HFDXVHWKHVHPRGHOVDUHLQDSSURSULDWHIRUPDQ\FDVHVLQRXUUHVHDUFKDUHD%XFKDUHVW&LW\GHWDLOHGDQDO\VLVRQ
HDFKFRPSOH[LQWHUVHFWLRQDUHQHFHVVDU\:HSURSRVHWRXVHLQWHUVHFWLRQWUDIILFFRQIOLFWLQGLFHVWRDVVHVVWUDIILFULVN
DWXUEDQQHWZRUNOHYHO
:HGHPRQVWUDWHGWKDW WUDIILFFRQIOLFW LQGH[FDQEHXVHGDVDXVHIXOPHDVXUHWRFRPSDUHGLIIHUHQWFRQILJXUDWLRQ
DQG V\VWHPDWL]DWLRQ VFKHPHV 6XSSOHPHQWDU\ GHWDLOHG DQDO\VLV DQG FDOLEUDWLRQ DUH VWLOO QHFHVVDU\ WR TXDQWLI\ WKH
UHODWLRQVKLSVEHWZHHQWUDIILFFRQIOLFWLQGH[DQGDFFLGHQWQXPEHUIRUGLIIHUHQWLQWHUVHFWLRQFRQILJXUDWLRQLQRUGHUWR
REWDLQDQDFFXUDWHPHDVXUHRIWUDIILFULVN
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